The oceanic nation of Palau has been geographically and culturally isolated over most of its 2000 year history. As part of a study of the genetic basis of schizophrenia in Palau, we genotyped five large, multigenerational schizophrenia pedigrees using markers every 10 cM (CHLC/Weber screening set 6). The number of affected/unaffected individuals genotyped per family ranged from 11/21 to 5/5. Thus the pedigrees varied in their information for linkage, but each was capable of producing a substantial LOD score. We fitted a simple dominant and recessive model to these data using multipoint linkage analysis implemented by Simwalk2. Predictably, the most informative pedigrees produced the best linkage results. After genotyping additional markers in the region, one pedigree produced a LOD = 3.4 (5q distal) under the dominant model. Seven of nine schizophrenics in the pedigree, mostly 3rd-4th degree relatives, share a 15-cM, 7-marker haplotype. For a different pedigree, another promising signal occurred on distal 3q, LOD = 2.6, for the recessive model. For two other pedigrees, the best LODs were modest, slightly better than 2.0 on 5q and 9p, while the fifth pedigree produced no noteworthy linkage signal. Similar to the results for other populations, our results suggest there are multiple genes conferring liability to schizophrenia even in the small population of Palau (roughly 21 000 individuals) in remote Oceania.
Introduction
Schizophrenia is a complex neuropsychiatric disorder that causes untold suffering and disability. Remarkably, despite differing cultures and environments around the world, schizophrenia consistently afflicts roughly one percent of all sizeable populations. 1, 2 Results of family, twin, and adoption studies suggest that genetic factors account for at least 60-70% of liability. These studies also indicate that schizophrenia is a complex genetic disease, characterized by reduced penetrance, non-Mendelian transmission, phenocopies and locus heterogeneity. Indeed, by studying populations of European origins, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] linkage analyses of schizophrenia pedigrees yield evidence for loci predisposing to schizophrenia on chromosomes 1q, 5q, 6p, 6q, 8p, 10p, 13q and 22q. [9] [10] [11] [12] [13] [14] [15] [16] [17] Correspondence: W Byerley, Department of Psychiatry, University of California, Irvine, CA 92697-4260, USA. E-mail: wbyerley Ȱuci.edu Selection of pedigrees from highly-structured populations is another important tool for mapping genes affecting liability to schizophrenia. In some instances, genes having only a small population attributable risk in open-mating populations will confer a much greater risk in highly-structured populations. In addition, the structure itself, in the form of linkage disequilibrium, can be exploited to map and fine-map disease genes. 18, 19 Other advantages of isolated populations include the frequent presence of large, extended pedigrees and centralized treatment facilities for finding such pedigrees.
The peoples of the Republic of Palau present a good example of a small, somewhat isolated population. The islands comprising Palau are scattered over 125 miles of the South Pacific, quite far from any large land mass. Carbon dating suggests Palau was first populated about 2000 years ago. 20 By 230 years ago, the population had grown to about 20 000. 21 Then, by 100 years ago, epidemics originating from American and European contact reduced the population to 4000. Now the population stands at about 21 000, more than half of whom are over 15 years old. Linguistic analyses and ethno-graphic studies suggest the Palauan population developed in relative isolation, even from other Micronesian populations; 22 nonetheless, this population shows evidence of immigration from surrounding populations. 23, 24 As part of our ongoing study of Palauan schizophrenia, 154 of the 156 schizophrenics living in Palau were ascertained along with key relatives. From this unique population we also gathered extensive genealogical records. Previously 25 we reported genome-wide linkage results for one, large multiplex schizophrenia Palauan pedigree. Assuming autosomal dominant inheritance and a strict definition of illness, the highest two-point lod scores were found for loci mapping to 2p13-14, with a maximum lod score of 2.17 near D2S441. Genome-wide multipoint linkage analysis was not performed on this pedigree because, at that time, genome-wide multipoint analyses of large pedigrees were too challenging.
In this report we perform genome-wide multipoint linkage analysis on this previously reported kindred, K1583, and four other large multiplex Palauan kindreds: K1584, K2034, K2238c K2364a. To implement the multipoint analyses, we used Simwalk2.
Methods
Following informed consent, subjects were interviewed by one psychiatrist (William Byerley), who used a modified version of the SADS-L semi-structure interview. 26, 27 Medical records were available for all cases and they were reviewed and summarized. Information from Schedule for Affective Disorders and Schizophrenia -Lifetime version (SADS-L) interviews, hospital records, and family histories were used to derive consensual Research Diagnostic Criteria diagnoses by two psychiatrists (Fred Reimherr and Paul Wender) blind to the genotypic status of individuals. Only cases with chronic schizophrenia or chronic schizoaffective disorder, mainly schizophrenic course (ie, schizophrenia only), were considered for linkage. All other cases were coded unaffected.
DNA was isolated using phenol/chloroform extraction methods as previously described. 28 Genotyping was performed using the Cooperative Human Linkage Center 29 microsatellite markers (Weber Version 6) spaced, on average, every 10 cM throughout the genome. For three regions showing promising LOD scores for two-point analyses of K1583, namely 2p13-14, 5q telomeric, and 1q, we genotyped additional microsatellite markers, creating a roughly 2 cM grid in those regions.
PCR was carried out using standard cycling conditions and the resulting fragments were size fractionated using 6% acrylamide sequencing gels. Genotypes were recorded by two technicians without knowledge of phenotypic status. Genotypes that could not be resolved by consulting a third reader were recorded unknown, or the sample was re-genotyped if it were critically informative to a region of interest.
We evaluated markers and pedigrees for Mendelian errors using the Pedcheck program. 30 Genotyping errors were set to missing. Allele frequencies were estimated by direct count over kindreds, ignoring familial relationships.
We chose two simple models for these analyses: a dominant model in which disease allele frequency was 0.01 and penetrances were 0.05, 0.5 and 0.5 for 0, 1 and 2 disease alleles; and a recessive model in which disease allele frequency was 0.12 and penetrances were 0.05, 0.05 and 0.75. By these models, about 1/20 schizophrenics in a family trace the origins of their disease to sources other than the specified liability locus, and about 45% of those carrying a dominant or two recessive disease alleles will be affected. Because almost all schizophrenics were affected as young adults, age-dependent penetrances were ignored, as were sex-dependent effects.
To lend intuition regarding the informativeness of these pedigrees, we also performed a very simple analysis to approximate the maximum achievable LOD, by pedigree, for an affected-only analysis. To make this calculation, we included only the affecteds who were genotyped, and assumed they all shared an allele identical-by-descent (IBD) at a disease locus, which was completely linked to a fully informative marker. Linkage analysis of these modified pedigrees yielded the maximum achievable LOD score for an affectedonly analysis. 31 Linkage analyses were implemented using Simwalk2, 32 version 2.60, which performs multipoint analysis of highly complex pedigrees by using stochastic techniques based on descent graphs. 32, 33 Before beginning the linkage analyses we studied the convergence properties of the software as applied to complex pedigrees, by using multiple starting configurations and various numbers of repetitions of the Monte Carlo Markov Chain procedure to determine how many iterations were necessary to obtain reliable results (unpublished data). Larger chromosomes were broken up into units of 6-8 markers to promote faster convergence and thus acceptable computing times. Although it was potentially feasible to analyze full chromosomes simultaneously, we observed that the amount of information gained by analyzing whole chromosomes was small compared to the computational effort required to obtain satisfactory convergence results for larger chromosomal segments. To refine LOD score traces in specific regions of interest, we ran up to 15 markers in and surrounding the region. Simwalk2 analyses were performed on two Beowulf clusters, each with 16 processors running at 500 (University of Pittsburgh) or 600 (Carnegie Mellon University) MHz.
LOD scores were computed only for individual pedigrees for several reasons: we expect some linkage heterogeneity, even in the Palauan population; we analyze only a small subset of the Palauan families; and the performance of linkage heterogeneity models for a small number of pedigrees and a complex disease is unpredictable. Recall the kinship for non-inbred siblings is 0.25, and it halves with each increasing degree of relatedness. Minimum/(Maximum) kinship refers to the least (most) related affected pair in the pedigree. Maximum achievable LOD, calculated from an affected-only analysis, is presented as a measure of informativeness of pedigrees (Ott, 1991 ).
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Results Table 1 gives the attributes of these pedigrees, including the median kinship of the schizophrenics in the pedigrees and the maximum achievable LOD score for an affected-only analysis (see Methods). After genotyping additional markers in the 5q distal region, K1583 yields a LOD = 3.4 under the dominant model ( Figure  1 ). Seven of nine schizophrenics in the pedigree, Molecular Psychiatry mostly 3rd-4th degree relatives, share a 15-cM, 7-marker haplotype near UT6397. No other kindreds show a strong linkage signal in this exact region, although the best linkage signal for K2238c is also on 5q near D5S1480, LOD = 2.1 ( Figure 1 ). This signal is slightly more proximal than the signal from K1583 and the shared haplotypes within each family do not overlap. Thus, there could be multiple liability loci on 5q.
Molecular Psychiatry
The second largest signal for K1583 occurs on Chromosome 2p, LOD = 2.2 near D2S393, for the recessive model. This signal corresponds to that reported in Coon et al 25 for two point analysis. Again this signal reflects extensive haplotype-sharing, in this case more than half of the schizophrenics share a 25 cM haplotype.
For K2364a, the best signal is found on distal 3q, at D3S1311, LOD = 2.6 for the recessive model (Figure 1 ). For the same region, the dominant model produces a LOD = 2.2. Both of these results are obtained from markers in the original 10 cM set, and additional markers have not yet been genotyped in this region. No other signals are especially noteworthy.
For the remaining two pedigrees, the best LODs are modest (Figure 1) . The best signal for K2024 occurs on 9p at D9S921, LOD = 2.0 for the dominant model, while the highest LOD for K1584 is 1.18 on 12q, near D12S1294.
We also examine the entire distribution of LOD scores to determine if there were any evidence for too much mass in the upper tail, a feature indicative of invalid model assumptions (eg, affected individuals substantially more related than that specified by the pedigree, as might be expected for a population isolate). There is no evidence for excess mass ( Figure  2 ) over that expected if the pedigree contains zero or one schizophrenia-liability genes. On the other hand, the differential informativeness of the pedigrees stands out: under the assumed dominant model, linkage for a substantial portion of the genome is excluded for K1583 but little of the genome is excluded for K1584 or K2024.
Discussion
Our most promising LOD score, 3.4 (Figure 1 ), was obtained from K1583, and occurred on Chromosome 5q in the telomeric region near UT6397 (194.9 cM, according to the Marshfield map (http://research. marshfieldclinic.org/genetics/)). Kindred 2238c produced a weaker signal somewhat more proximal on 5q, LOD = 2.1 (Figure 1 ), near D5S1480 (147.5 cM). The haplotypes shared among affected individuals within each kindred do not overlap across kindreds; therefore, using reasoning for simple genetic disorders, the distinct haplotype-sharing implies there are distinct schizophrenia genes (if any) for the two kindreds. On the other hand, given the complexity of the disease and the possibility of phenocopies, this conclusion could be premature.
The implicated region for K2238c, with its peak at D5S1480, overlaps with that reported previously by Straub et al 7 and Schwab et al. 10 Although Straub et al 7 did not report haplotype data, positive LOD scores were observed from D5S815 (101.0 cM) to D5S658 (142.9 cM). The highest LOD scores (approximately 3-3.4)-depending on the genetic model-were observed with D5S393 (140.7 cM) and D5S804 (133.7 cM). Schwab et al 10 reported positive linkage data from D5S666 (135.3 cM) to D5S658 (142.9 cM). The most positive scores were with D5S399 (140.7 cM), which yielded a LOD score of 1.8. Unfortunately none of the markers we used coincided with the markers yielding peak LOD scores for the Straub et al 7 25 the maximum two-point LOD score (LOD = 2.17) occurred at D2S441, roughly 6 cM away from D2S393.
If the other four pedigrees we analyzed shared susceptibility alleles at the same locus or loci as K1583, then linkage signals should be amplified by evaluating these pedigrees. For Chromosome 5q, the LOD scores Molecular Psychiatry (dominant model) summed over families showed a weak peak at UT6397 (LOD = 0.94) and were strongly negative at D5S1480 (LOD = −4.8). For either marker, no family other than K1583 and K2238c, demonstrated a LOD score exceeding 0.2.
For Chromosome 2p region, three out of four LOD scores for families other than K1583 were negative, with the one positive score being 0.2. This result stands in contrast to the results of Camp et al, 36 who reported a LOD = 4.8 for an overlapping set of seven Palauan pedigrees. It is worth noting, however, that Coon et al 25 analyzed three STR markers in this region from 17 Palauan families, which includes all the families analyzed by Camp et al 36 and this study, and found only modest support for linkage, even under a heterogeneity model. Thus, while the 2p region in the vicinity of D2S393 merits further study, a common disease mutation in this region shared by most Palauan families is unlikely.
Putting our results in perspective, the best linkage signals occur for the most informative families (Table  1) , namely K1583, K2364a and K2238c, but only K1583 produced a very strong linkage signal. Furthermore, the overlap of noteworthy multipoint LOD scores across kindreds is not substantial. These observations suggest the origins of schizophrenia in Palauans are heterogeneous. Such complexity, even in a relatively isolated island population, is not especially surprising when viewed in the historical perspective of schizophrenia research (Hovatta et al 1999) 37 and that of other complex diseases. In fact, three genes for the rare recessive disorder known as Bardet-Biedl syndrome have been found in the isolated Bedouin-Arab population. 38, 39 Our long-term plans are to use the unique population structure of Palau to explore the genetic etiology of this devastating illness. Because the population of Palau is of recent origin, has undergone at least two substantial bottlenecks, has had a small effective population size throughout its history, and has apparently experienced extensive male-biased gene flow, 24 linkage disequilibrium among alleles on the same chromosome is detectable even at substantial distances. 24 Thus, in our estimation, the Palauan population is amenable to both linkage and disequilibrium mapping, which we hope will yield some of the genetic mutations conferring liability to schizophrenia in this Oceanic population. This research will be facilitated by a 10 cM genome scan of 154 Palauan schizophrenics, as well as additional family members, which is being performed by the Center for Inherited Disease Research.
